Introduction
A controlled flow of metabolites in the tetrapyrrole biosynthetic pathway is essential for the fitness of photosynthetic organisms. The last common step in the tetrapyrrole pathway to heme and chlorophyll is the oxidation of protoporphyrinogen IX (Protogen IX) to protoporphyrin IX (Proto IX), which is catalyzed by protoporphyrinogen oxidase (Protox, EC 1.3.3.4). 1, 2) Plants express two Protox isozymes: one is associated with the chloroplast envelope and thylakoid membranes, 2) and the other is localized to mitochondria. 3) Peroxidizing herbicides, including oxyfluorfen and acifluorfen, are photodynamically active and competitively block the substrate-binding region of Protox. [4] [5] [6] [7] The acute toxicity of oxyfluorfen is a result of the accumulation of Protogen IX, which is oxidized in the cytoplasm to Proto IX by a nonspecific plasma membrane-bound peroxidase. 8, 9) Proto IX in the cytoplasm is not metabolized by the porphyrin biosynthetic pathway because Mg-chelatase and Fe-chelatase, which use Proto IX as a substrate, are located in chloroplasts and mitochondria. Cytoplasmic Proto(gen) IX, a potent photosensitizer, absorbs light that is used in detrimental reactions. Accumulating light-absorbing porphyrins induce the generation of toxic active oxygen species (AOS), such as superoxide (O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (OH˙) and singlet oxygen ( 1 O 2 ), and peroxidized lipids. [10] [11] [12] The balance between the production of AOS and the quenching activity of the antioxidants is upset and this often results in oxidative damage. 13) Plants have evolved a series of non-enzymatic and enzymatic antioxidant systems to cope with herbicidal stress and to avoid photodynamic damage, either by stress tolerance or stress avoidance. Plants contain substantial amounts of carotenoids that serve as non-enzymatic scavengers of AOS.
14) The xanthophyll cycle is part of an early response to increased light intensity by converting violaxanthin to zeaxanthin, which dissipates excess energy as heat. 15) Enzymatic antioxidant systems also provide protection against the toxic effects of AOS. Cells express a set of H 2 O 2 -decomposing enzymes, namely catalase and ascorbate peroxidase (APX). [16] [17] Glutathione reductase (GR) constitutes the major defense system against AOS in chloroplasts. 18) The overexpression of Protox in either chloroplasts or mitochondria diminishes the action of Protox-inhibiting herbicides by preventing the accumulation of Protogen IX, and decreases light-dependent phytotoxicity. [19] [20] [21] [22] [23] The present paper investigates whether the level of Protox activity tightly correlates to peroxidizing-herbicide resistance in the two transgenic rice systems involving the chloroplastidic expression of Arabidopsis Protox (AP line) 21) and the dual expression of Myxococcus xanthus Protox in chloroplasts and mitochondria (TTS line). 23) The relation between the levels of Protox activity and the oxidative status was monitored in the two transgenic and WT lines imposed by oxifluorfen compared with controls. The role of enzymatic and non-enzymatic antioxidant responses, which are induced by increasing amounts of AOS upon oxyfluorfen treatment, in herbicidal resistance was also compared in wild-type and transgenic rice plants.
Materials and Methods

Plant growth and herbicide oxyfluorfen treatment
The T 4 generations of homozygous rice lines (AP1 and AP6; AP6 corresponds to P6 line in Ha et al. 21) and AP1 is one of the other transgenic lines obtained) expressing Arabidopsis Protox in chloroplasts, and the T 3 generations of homozygous rice lines (TTS3 and TTS4) expressing Myxococcus xanthus Protox in chloroplasts and mitochondria 23) were used for physiological experiments. The M. xanthus Protox gene included an additional plastidal transit sequence obtained from the tobacco plastidal Protox gene. 23) Seeds of wild-type and transgenic lines were planted, and seedlings were potted in paddy soil and grown in the greenhouse, which was kept at 30 o C. Parts of leaves from 3-week-old rice plants were taken for experiments. Commercially available oxyfluorfen (Goal ® ) was used for the foliar application test. Rice plants were exposed to irradiation (14-hr day/10-hr night) for 2 days after 12 hr of dark incubation following oxyfluorfen treatment.
Protoporphyrinogen oxidase activity and protoporphyrin IX content
Leaves of rice were homogenized in homogenization buffer (660 mM sorbitol, 100 mM HEPES-KOH, pH 7.3, 2 mM MgCl 2 , 2 mM MnCl 2 , 4 mM EDTA, and 0.2% BSA). The mixture was centrifuged at 200 g for 5 min to remove crude cell debris, and the resulting supernatant was centrifuged at 2000 g for 5 min to obtain a crude chloroplast pellet. After isolating the crude fraction of chloroplasts, the retained supernatant was centrifuged at 10,000 g for 20 min to obtain the crude mitochondria fraction. For total Protox activity, combined fractions of crude chloroplasts and mitochondria were resuspended in 2 ml assay buffer containing 0.1 M Tris/HCl, pH 7.5, 5 mM DTT, 1 mM EDTA, and 0.03% (v/v) Tween 80. Protox activity was determined following the method of Lermontova and Grimm.
19) The Protogen IX substrate was prepared by chemical reduction of Proto IX with sodium mercury amalgam (Sigma-Aldrich, St. Louis, MO, USA). The assay contained 70 ml suspension of crude chloroplasts and mitochondria (0.5 mg protein) and 140 ml assay buffer. The reaction was started by adding Protogen IX, incubated at 30°C for 5 min, and stopped with 1.6 ml ice-cold methanol : DMSO (8 : 2, v/v). Boiled plastid suspension was used as a control to determine background Proto IX autooxidation. Proto IX was separated by HPLC using a Novapak C 18 column (4-mm particle size, 4.6ϫ250 mm; Waters Chromatography, Milford, MA, USA) at a flow rate of 1 ml/min. Porphyrins were eluted with a solvent system of 0.1 M ammonium phosphate (pH 5.8) and methanol. The column eluate was monitored with a fluorescence detector (2474; Waters) at excitation and emission wavelengths of 400 and 630 nm, respectively. To measure the Proto IX content, plant tissue (0.1 g) was ground in 1 ml methanol : acetone : 0.1 N NaOH (9 : 10 : 1) and the homogenate was centrifuged at 10,000 g for 10 min to remove cell debris. 19) Proto IX was separated by HPLC as described above.
In vivo detection of H 2 O 2
H 2 O 2 was visually detected in the leaves of plants by using 3,3-diaminobenzidine (DAB) as the substrate.
24) The leaves were excised at their bases with a razor blade and supplied through the cut petioles with a 1 mg/ml solution of DAB, pH 3.8, for 4 hr under light at 25°C. The experiments were terminated by immersing the leaves in boiling ethanol (96%) for 10 min. This treatment decolorized the leaves except for the deep-brown polymerization product produced by the reaction of DAB with H 2 O 2 . After cooling, the leaves were extracted at room temperature with fresh ethanol for 4 hr, preserved at room temperature in ethanol, and photographed.
Photosynthetic activity
Chlorophyll a fluorescence was measured in vivo using a pulse amplitude modulation fluorometer (Handy PEA; Hansatech Instruments, Norfolk, England) after dark adaptation for 10 min. Minimal fluorescence yield, F o , was obtained upon excitation with a weak measuring beam from a pulse light-emitting diode. Maximal fluorescence yield, F m , was determined after exposure to a saturating pulse of white light to close all reaction centers. The ratio of F v to F m representing the activity of photosystem II (PSII) was used to assess the functional damage to plants.
Photosynthetic pigment determination
Chlorophylls were extracted with 100% acetone and determined spectrophotometrically according to the method of Lichtenthaler. 25) For carotenoid analysis, leaf tissues were ground in a solution of 100% acetone containing CaCO 3 . The extracts were centrifuged at 16,000 g for 10 min and the resulting supernatants were collected. The pigments were separated by HPLC equipped with a Waters 2489 Absorbance Detector (Waters, Milford, MA, USA) as previously described by Gilmore and Yamamoto. 26) Spherisorb ODS-1 column (5 mm particle size, 250ϫ4.6 mm id) was obtained from Alltech Inc. . The detector was set at 440 nm for the integration of peak areas.
Antioxidant enzymes
Soluble proteins were extracted by homogenizing leaf tissues (0.25 g) in 2 ml of 100 mM potassium phosphate buffer, pH 7.5, containing 2 mM EDTA, 1% polyvinylpolypyrrolidone-40, and 1 mM phenylmethylsulfonyl fluoride. Insoluble material was removed by centrifugation at 15,000 g for 20 min at 4°C. Total catalase activity was performed spectrophotometrically in a 3 ml volume containing 50 mM potassium phosphate buffer, pH 7.0, containing 20 mM H 2 O 2 by monitoring H 2 O 2 destruction at 240 nm. 27) Ascorbate peroxidase (APX) activity was measured spectrometrically by monitoring the decline in A 290 as ascorbate was oxidized, using the method of Chen and Asada.
28) The 3-ml reaction volume contained 100 mM potassium phosphate buffer (pH 7.5), 0.5 mM ascorbate, and 0.2 mM H 2 O 2 at 25°C. Glutathione reductase (GR) activity was measured spectrophotometrically by measuring the decline in A 340 as NADPH was oxidized, as described by Rao et al. 29) The 3-ml assay mixture contained 100 mM potassium phosphate buffer (pH 7.8), 2 mM EDTA, 0.2 mM NADPH, 0.5 mM oxidized glutathione (GSSG), and the leaf extract. The assay was initiated by the addition of NADPH at 25°C.
Results and Discussion
Comparison of Protox activity and Proto IX content in transgenic rice plants expressing either Arabidopsis or M. xanthus Protox
The introduction of Arabidopsis Protox (AP) into rice led to the ectopic expression of Protox in chloroplasts, whereas M. xanthus Protox (TTS) was ectopically expressed in both chloroplasts and mitochondria. 21, 23) The overexpression of Protox in the two transgenic rice lines resulted in greater herbicidal resistance to the peroxidizing herbicide oxyfluorfen in comparison to the wild-type line. In the present study, wildtype and transgenic lines, AP and TTS, were exposed to foliar application of oxyfluorfen to assess the effect of differential Protox activities on herbicidal resistance.
This study compared alterations in the total Protox activi- The plants were subjected to the same treatments as described in Fig. 1. N [30] [31] Photodynamic compound Proto IX accumulated markedly in the oxyfluorfen-treated wild type ( Table 1) . The transgenic lines, TTS3 and TTS4, exhibited no significant increase in Proto IX in response to oxyfluorfen treatment, whereas the transgenic lines, AP1 and AP6, slightly increased Proto IX. The dual expression of M. xanthus Protox in chloroplasts and mitochondria in TTS lines sustained a high level of total Protox activity during oxyfluorfen action, which was not comparable to that of AP lines, reducing the leakage of photosensitizing Protogen IX from chloroplasts and mitochondria to the cytosolic membranes.
Effect of Protox activity on oxyfluorfen-induced photodynamic stress
Due to the marked reactivity of all tetrapyrroles, in living organisms there is a substantial danger that uncontrolled chemical reactions may occur. 11, 12, 23) The great accumulation of Proto IX in wild-type plants in response to oxyfluorfen consequently resulted in severe necrosis on their leaves (Fig. 1A) .
The necrotic phenotypes of herbicide-treated plants typically display leaf desiccation, veinal necrosis, and leaf deformation. 32) Slight desiccation of wild-type leaves was observed at 1 day after 20 mM oxyfluorfen treatment and severe necrosis appeared 2 days after treatment (Fig. 1A) . After 2 days of oxyfluorfen treatment, herbicidal symptoms began to appear in the transgenic line AP1, whereas the transgenic line TTS4 did not show any herbicidal symptoms with oxyfluorfen.
To examine whether the level of Protox activity correlates with photodynamic stress, H 2 O 2 production and photosynthetic activity were compared in oxyfluorfen-treated leaves of AP, TTS and wild-type lines. H 2 O 2 production was assayed in oxyfluorfen-treated leaves by incubating with DAB for detection. Wild-type plants showed a high production of H 2 O 2 , as indicated by browning of leaf veins after 4 hr of DAB incubation (Fig. 1B) . The transgenic line AP1 showed a low production of H 2 O 2 , as indicated by a few brown spots on leaves, whereas H 2 O 2 was not detected in oxyfluorfen-treated leaves of TTS4 line. The sustained Protox activity in transgenic plants prevented the oxyfluorfen-caused accumulation of Proto(gen) IX, thereby suffering less oxidative stress due to reduced production of AOS compared to wild-type plants.
In untreated controls, the photochemical efficiency, F v /F m , which is a measure of photooxidative damage to PSII, was the same in all lines examined (Fig. 2) . A component of photoinhibitory quenching, q I , which results from alterations in the PSII reaction center complex, is often detected as a decrease in F v /F m . 33) At 2 days after oxyfluorfen treatment, the wildtype line and transgenic line AP1 decreased the F v /F m ratio, with a greater decline in the wild type (Fig. 2) , indicating the development of photooxidative stress in wild-type and AP lines. The transgenic line TTS4, however, did not show any change in F v /F m in response to oxyfluorfen. No significant change in dark-adapted F v /F m indicates that no photodamage to PSII reaction centers or the development of slowly relaxing excitation energy quenching had been induced by photodynamic stress. 34, 35) 
Antioxidant systems to alleviate photodynamic damage
All living organisms must have evolved strategies to quench potentially harmful tetrapyrrole compounds or their derived AOS.
36) The induction of protective antioxidants during oxyfluorfen-induced photodynamic action was examined in wildtype and transgenic lines, AP1 and TTS4. The contents of carotenoids and chlorophylls in untreated controls were similar between the wild-type and two transgenic lines (Table 2) . At 2 days after 20 mM oxyfluorfen treatment, the chlorophyll content of the wild-type line was greatly decreased, whereas a slight decline in chlorophylls was observed in the AP1 line, not in TTS4 line (Table 2) . Chlorophyll loss is not only a negative consequence of stress in which photosynthetic apparatus must be re-synthesized de novo upon photodynamic stress but is also considered an adaptive feature which reduces the possibility of further damage to the photosynthetic machinery under excess excitation energy. 37) Protection of cells against AOS is generally believed to be mediated by carotenoids, especially the xanthophyll-cycle pigments as non-enzymatic scavengers of AOS. 38) Although the transgenic lines, AP1 and TTS4, did not show any significant change in carotenoid levels at 2 days after oxyfluorfen treatment, levels of neoxanthin, violaxanthin and lutein were significantly decreased in the wild-type line, with greater declines in violaxanthin and lutein (Table 2) . Interestingly, oxyfluorfen-induced photodynamic stress triggered a 4-fold increase in antheraxanthin and new formation of the photoprotectant zeaxanthin in the wild-type line (Table 2 ). This accumulation of xanthophyll-cycle pigments, which dissipate excess light energy, is likely to protect oxyfluorfen-treated plants from porphyrin-induced photodynamic damage; however, this protection was not sufficient to overcome photodynamic stress.
The photodynamic stress brought about other antioxidant responses in oxyfluorfen-treated plants in order to minimize its deleterious effects. Enzyme activities of APX, catalase and GR were similar in untreated leaves of wild-type and transgenic lines (Fig. 3) . Plant catalases and APX are heme enzymes that are known to participate in efficient decomposition of H 2 O 2 in various subcellular compartments. 39 ) At 2 days after oxyfluorfen treatment, the wild-type line greatly increased the activities of catalase and APX, but the transgenic line AP1 slightly increased their activities (Fig. 3A, B) . These results suggest that photodynamic stress required increased capacities of protective systems for stress compensation. A marked increase in GR activity was also observed in the wildtype line in response to oxyfluorfen, whereas transgenic line AP1 slightly increased GR activity (Fig. 3C) . Elevated levels of GR activity may be able to increase the ratio of NADP ϩ : NADPH, thereby ensuring the availability of NADP ϩ to ac- cept electrons from the photosynthetic electron transport chain. 40) In contrast to wild-type and AP1 lines, transgenic line TTS4 did not exhibit any noticeable change in APX, catalase, and GR in response to oxyfluorfen (Fig. 3) . Taken together, higher adaptive capacity for the detoxification of photodynamic stress was generated during oxyfluorfen action in wild-type, AP, and TTS lines in that order.
The present study suggests evidence of a tight correlation of Protox activity with herbicidal resistance in rice plants. The transgenic line TTS4 did not develop any photodynamic damage during oxyfluorfen action by sustaining high Protox activity, which derived from the dual expression of M. xanthus Protox in both chloroplasts and mitochondria. This greatly reduced the leakage of photosensitizing Protogen IX from chloroplasts and mitochondria to the cytosolic membranes, thereby conferring outstanding tolerance to oxyfluorfen. Transgenic rice plants expressing M. xanthus Protox, without an additional plastidal transit sequence, in both chloroplasts and mitochondria also display comparable levels of Protox activity and herbicidal resistance. 22) To control photodynamic damage in the oxyfluorfen-treated wild-type and AP lines, the antioxidative status, including APX, catalase and GR, increased significantly; however, the photoprotectants zeaxanthin and antheraxanthin increased only in the wild-type line. This implies that the responses of enzymatic antioxidants were more sensitive to mild photodynamic stress than non-enzymatic antioxidants. The induced photodynamic processes as a result of porphyrin accumulation generally occur very rapidly, so that the protective capacity cannot be induced sufficiently to prevent cellular damage in wild-type and AP lines. Elucidation of the critical role of Protox activity in herbicidal resistance in this study would be helpful for efficient management of future weed control.
